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We study two-dimensional excitons confined in a lattice potential, for high fillings of the lattice
sites. We show that a quasi-condensate is possibly formed for small values of the lattice depth, but for
larger ones the critical phase-space density for quasi-condensation rapidly exceeds our experimental
reach, due to the increase of the excitons effective mass. On the other hand, in the regime of a deep
lattice potential where excitons are strongly localised at the lattice sites, we show that an array of
phase-independent quasi-condensates, different from a Mott insulating phase, is realised.
The phase diagram of bosonic particles exploring
a lattice potential is commonly described in terms of
two essential parameters, the inter-particle interaction
strength U giving the increase of energy when two
particles occupy the same lattice site, and the par-
ticle tunnelling strength J , determining the hopping
of a particle to a neigbouring site [1, 2]. Within the
minimal Bose-Hubbard model, two antagonist regimes
emerge at zero temperature. When tunnelling is dom-
inant, a superfluid showing phase ordering over spa-
tially distinct sites can be reached, whereas above a
critical ratio U/J tunnelling is suppressed and bosons
remain fixed to their lattice site. This results in an in-
compressible phase, a so-called Mott insulator, where
phase coherence extending over various lattice sites
is absent. Typically, varying the lattice depth or the
lattice period U and J are modified and the phase
diagram is accurately explored [1, 2].
Seminal experiments conducted with ultra-cold
atomic gases confined in optical lattices have provided
model studies of the Bose-Hubard model, initially in
three dimensions, and more recently, for effectively
two and one dimensional systems [2]. In the solid-
state, large efforts have also been dedicated to the
physics of the two-dimensional Bose-Hubbard Hamil-
tonian, in particular for quantum simulation perspec-
tives. To this aim, promising candidates include long-
lived dipolar excitons of semiconductor bilayers. Such
excitons are marked by a spatial separation imposed
between Coulomb-bound electrons and holes. They
are possibly engineered in coupled GaAs quantum
wells [3] or in van der Waals assemblies of transition
metal dichalcogenides monolayers [4]. In the former
case, excitons may be subject to an artificial lattice
potential engineered by electrostatic gates [5, 6] while
in the latter case they naturally explore a periodic
moire potential [7–9]. For both systems, the Bose-
Hubbard model is expected to provide an accurate
low-energy description.
To explore the collective phases accessible to dipo-
lar excitons, GaAs double quantum wells provide an
experimental toy model system, since excitons are
then possibly manipulated in a regime of homogeneous
broadening [10], and spatially confined in on-demand
potential landscapes [11–16]. Using these degrees of
freedom, we have recently mapped out the quasi-
condensation crossover of bilayer excitons in box-like
trapping potentials [10, 17, 18], determining the ex-
citons equation of state and density fluctuations, and
correlated these to the degree of spatial and temporal
coherence at sub-Kelvin temperatures.
Here, we report experiments characterising the
quasi-condensation of GaAs bilayer excitons in a mi-
croscopic lattice potential. We show that a quasi-
condensate is annihilated above a threshold lattice
depth around a fraction of the chemical potential. We
attribute the suppression of coherence to the renor-
malisation of the excitons effective mass by the lattice
potential which rapidly increases the critical phase
space density of quasi-condensation. Above a thresh-
old lattice depth, cold excitons enter then a normal
phase, but without yet being spatially localised at the
lattice sites. The localised regime is in fact obtained
for lattice depths large compared to the chemical po-
tential. In this regime, we show that an array of phase
incoherent quasi-condensates localized at each site is
possibly formed at large filling factors. We underline
that this realisation differs from a Mott insulator.
In our studies, dipolar excitons are created in a
square lattice with spatial period L=3 µm, at a bath
temperature Tb set to 340 mK (see Ref. [5] for a com-
plete description of our device). We focus onto exci-
tonic properties at a fixed average density n ∼ 2 1010
cm−2 such that the phase-space density D is around
12 while the excitons chemical potential µ is about
0.8 meV. To quantify the role of the lattice depth on
the excitons quasi-condensation, we continuously vary
the height of the potential barrier separating lattice
sites V0, from 0 to 3 meV, by adjusting the poten-
tial difference applied between a pair of interdigitated
electrodes deposited at the surface of the field-effect
device embedding the double GaAs quantum well [5].
Figure 1.d illustrates the phases potentially accessi-
ble in our experiments: for small U/J , realized in the
limit of vanishing lattice depth, a quasi-condensate
phase marked by quasi-long range order in the spatial
and temporal coherence is expected [1, 19]. On the
other hand, for a deep lattice potential, i.e. for large
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FIG. 1: (a-c) Real images of the photoluminescence for
V0=0 (a), 1.5 meV (b) and 3 meV (c). Scales are given in
µm. (d) Schematic phase diagram for the two-dimensional
Bose-Hubbard model, as a function of the on-site interac-
tion U , the tunnelling strength J and the temperature T .
At non-zero temperature superfluid and Mott insulating
phases, SF and MI respectively, are separated by a nor-
mal phase where physical properties are classical. Our
experiments, carried out at a fixed average density, ex-
plore the parameter space along the dashed curved line.
(e) At the crossover between the SF and normal phases
non-condensed excitons (blue) are mostly located around
the lattice barrier. This effectively increases the lattice
depth (solid line) compared to the native one (dashed line).
Quasi-condensed excitons are depicted in red.
U/J , one possibly enters the regime where a Mott-
insulating (MI) phase is energetically favourable. Let
us then note that for our 3 µm period lattice poten-
tial we only have access to high-filling factors, with
around 100 excitons per site. The various realisa-
tions of MI phases, obtained by varying the num-
ber of excitons per lattice site by one unit, are sig-
nalled by their energy separation quantised in units
of U=(~2/4pimXa20)g˜ [1], mX being the excitons effec-
tive mass, a0 describing the spatial extension of the
excitons wave-function in lattice sites while g˜∼4 is a
dimensionless parameter quantifying dipolar interac-
tions between excitons [10]. For our experimental con-
ditions we deduce that U ∼kBTb, so that Mott phases
are not energetically protected and thermal occupa-
tion of higher bands of the periodic lattice cannot be
neglected.
We now turn to discuss our experimental results in
these different regimes. Let us start with the quasi-
condensate regime at vanishing U/J , by setting V0
to 0. In this situation, we studied the degree of
spatial and temporal coherence of the photolumines-
cence radiated by our device using a Mach-Zehnder
interferometer where the photoluminescence field ψ
is recombined with itself, after a variable time de-
lay τ , or a spatial displacement r are introduced.
Measuring the interference contrast at the interfer-
ometer output, we directly deduced the amplitude
of the first-order correlation function |g(1)(r, τ)| ∼
|〈ψ∗(ri, t)ψ(ri + r, t + τ)〉ri,t|. Here 〈...〉ri,t denotes
the average over t, i.e. over the number of realisations
accumulated to produce one interferogram, as well as
the average over the positions ri where the fringe con-
trast is evaluated, typically of the order of 10 µm to
compute the contrast from 3 fringes (Fig.2.a-b).
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FIG. 2: (a) Interference pattern measured for V0=0 and
for (r=0, τ=4.2 ps), together with the profile evaluated
at the center of the image (b) leading to |g(1)|=28 %. (c)
Decay of the first-order time coherence |g(1)(0, τ)| as a
function of the time delay τ . Experimental data are de-
picted by the solid blue points, while the red line shows an
exponential decay with a characteristic time constant of 4
ps. The dashed line shows an algebraic time decay τ−η
with η=0.25. The inset presents the same measurements
in linear scale. (d) Spatial interference of the photolumi-
nescence measured for (||r||=2 µm, τ=0), together with
the interference profile evaluated at the center of the im-
age (e). Thus we deduce an interference contrast |g(1)|=23
%. In (a-b) the interference period is set to 3 µm and 4.5
µm in (d-e). Experiments have all been performed at a
bath temperature Tb=340 mK.
Figure 2.c shows the variation of the photolumines-
cence first order time correlation function |g(1)(0, τ)|.
We note that initially it decays exponentially with a
time constant τc ∼ 4 ps, before a slower decay is found
3for 4 . τ . 7 ps. Very recently we have reported such
behaviour and shown that the initial exponential de-
cay reveals the contribution of non-condensed exci-
tons through the inelastic two-body collisional rate.
Indeed, the exciton-photon coupling is linear so that
the coherence of optically bright excitons is imprinted
in the photoluminescence [20]. Thus, we find here
an excitons collisional rate, 1/τc, in good agreement
with our previous studies [10]. On the other hand,
the slowly decaying part for τ & τc marks the contri-
bution of quasi-condensed excitons, which exhibit an
algebraically decaying time coherence τ−η [19]. Im-
portantly, here we find that η ∼0.25 which is com-
patible with the value predicted at criticality by the
Berezinskii-Kosterlitz-Thouless theory [21, 22]. Let us
then note that our studies are realised for an exciton
phase-space density D ∼ 12, very close to Ref. [10]
where a very similar exponent was deduced.
We further studied the degree of spatial coherence
by setting our interferometer such that ||r|| ∼2 µm
and τ=0. This spatial separation is over an order of
magnitude beyond the classical limit set by the ther-
mal de Broglie wavelength, and two times larger than
our optical resolution. Figure 2.d reveals than we ob-
serve then interference fringes signaling the buildup
of quasi-long-range spatial coherence. In these exper-
iments the interference contrast amounts to 23%, com-
pared to 75% at the spatial auto-correlation. From
this difference we deduce that 1/3 of the optically
bright excitons population contribute to the quasi-
condensate [23]. In previous works, we have shown
that in GaAs a quasi-condensate also includes opti-
cally dark excitons, that do not contribute to the pho-
toluminescence but constitute around 2/3 of quasi-
condensed excitons [24]. Then, we deduce that about
75% of the total exciton population undergoes quasi-
condensation in our experiments. Importantly this
magnitude agrees with the one we previously deduced
in electrostatic traps for similar densities [17], in good
agreement with path integral Monte-Carlo calcula-
tions [25]. Also, we wish to stress that the amplitude
of |g(1)| is of the same order for (||r|| ∼2 µm, τ=0) and
(r=0, τ ∼6 ps). This matching is expected since in
both cases only the fraction of quasi-condensed bright
excitons contributes to the interference signal.
We now turn to the opposite regime where a deep
lattice potential is imprinted, V0=3 meV µ. In this
situation Fig.1.c shows that excitons are strongly lo-
calised in the lattice sites which have a characteris-
tic spatial extension of about 1µm. This results in
a modulation of the photoluminescence intensity, of
around 20% along the horizontal axis of our device,
with a 3 µm period [5]. To study spatially extended
time coherence in the photoluminescence, we studied
|g(1)(0, τ)| fixing the interference period to 4.5 µm, as
in the measurements shown in Fig. 2.d-e. Thus, the
interference period is clearly distinguished from the
one of the spatial modulation of the photolumines-
cence intensity due to the lattice potential. Figure 3.a
shows the variation of the interference contrast with τ ,
which, unlike in Fig.2.c, is reduced to an exponential
decay with a characteristic time of around 3 ps. We
then note that for V0=3 meV a slightly higher rate of
inelastic collisions is deduced compared to V0=0. We
attribute this difference as the manifestation of an in-
creased concentration of excess carriers [26] when we
impose a large difference between the potentials ap-
plied onto our gate electrodes, as necessary to engineer
a deep lattice potential. As a result, excitons suffer
additional collisions with free carriers, nevertheless,
the photoluminescence is homogeneously broadened
in this regime as well.
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FIG. 3: (a) Decay of the first-order time coherence for
V0=3 meV in log-log scale. Experimental data are dis-
played by the blue points while the red line shows an ex-
ponential decay with a characteristic time equal to 2.8 ps.
The inset provides the same results in linear scale. (b)
Standard deviation of the photoluminescence energy mea-
sured at the position of 3 adjacent lattice sites as a function
of the lattice depth V0. Each measurement is evaluated
from an ensemble of 10 realisations all performed under
the same experimental conditions. Experiments have all
been performed at a bath temperature Tb=340 mK.
Figure 3.a shows that in a deep lattice potential
cold excitons do not exhibit any algebraically decaying
time coherence, and therefore lack from quasi-long-
range order [10, 19]. This implies that the phase be-
tween excitons confined in each lattice site is randomly
distributed. We actually expected such conclusion
since the coupling between the lattice sites, controlled
by the tunnelling coefficient J , decreases exponen-
tially with the barrier height, like e−(V0/Er)
1/2
where
Er=pi
2~2/(2mL2) ∼0.2 µeV [1]. J is then vanishingly
small for V0 ∼3 meV. Moreover, the schematic phase
diagram shown in Fig.1 recalls that for V0=3 meV
a Mott insulating phase is potentially accessible. As
mentioned earlier, this is unlikely in our experiments
carried out at a temperature comparable to the energy
gap protecting Mott phases. To verify this expecta-
4tion we studied the variation of density fluctuations
in the lattice sites as a function of the lattice depth.
Indeed a Mott insulator is signalled by the same fixed
number of particles in each site, so that density fluc-
tuations are theoretically vanishingly small. For dipo-
lar excitons density fluctuations are directly accessed
by the energy of the photoluminescence which is gov-
erned by the strength of repulsive dipolar interactions
between excitons [27–29]. Fig.3.b compares the stan-
dard deviation of the photoluminescence energy σEX
for 3 neighbouring lattice sites as a function of V0.
Overall, it shows that the photoluminescence energy
is highly stable in our experiments, since it varies by
only around 80 µeV. However, we do not observe any
clear dependence of σEX over V0. In particular σEX
does not decrease while the lattice depth is ramped,
and thus no sign of a Mott insulating phase is detected
unambiguously.
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FIG. 4: (a) First-order time coherence as a function of the
barrier height V0 in the weak lattice limit. The contrast
measures the amplitude of the first-order time correlation
function |g(1)(0, 4.7ps)|. (b) Time coherence in the deep
lattice limit. Here the contrast measures the amplitude of
the intensity modulation along a bright interference fringe,
i.e. along the weaker confining direction. The shaded areas
display our instrumental resolution limited by the signal
to noise ratio in these measurements. Experiments have
all been performed at a bath temperature Tb=340 mK.
Figure 2 and 3 show that extended temporal co-
herence is annihilated when we pass from the regime
where excitons are delocalised in the lattice potential
(V0 = 0) to the one where they are strongly localised
(V0 = 3 meV). To quantify this transition, we have
measured the degree of temporal coherence as a func-
tion of the lattice depth, setting τ to 4.7 ps. Start-
ing from a flat potential (V0=0), Fig. 4.a shows that
|g(1)| decays very rapidly when V0 is increased by a few
100 µeV. Actually |g(1)| is reduced to the amplitude
it would reach by decaying exponentially at a rate τc
when V0 ∼ 0.2 meV. This magnitude signals that time
coherence is governed by inelastic two-body collisions
only, manifesting that the fraction of quasi-condensed
excitons has vanished.
We attribute the rapid loss of temporal coherence
to a renormalisation of the excitons effective mass.
Indeed, in a weak lattice potential the excitons effec-
tive mass becomes m∗X=mX/(1−V ∗20 /2µ2) [30] where
V ∗0 = V0 + 2g˜(n
(max)
nc − n(min)nc ), n(max/min)nc denot-
ing the maximum/minimum for the density of non-
condensed excitons leading to an increase in the ef-
fective lattice potential due to the strong mean field
interaction. Their difference amounts to around 25%
of the total population, as discussed previously. More-
over, Fig. 1.e illustrates that for low barrier heights
non-condensed excitons are mostly located at the po-
sition of the barrier, whereas their fraction is mini-
mum at the position of the lattice sites in order to
minimize the interaction energy. We therefore esti-
mate that g˜(n
(max)
nc (r)− n(min)nc (r)) ∼ 0.25 meV lead-
ing to m∗X=1.5mX for V0 around 0.2 meV. The effec-
tive critical phase space density for the excitons quasi-
condensation then increases from 8 to 12 such that the
actual exciton phase-space density in our studies is not
any more high enough for forming a quasi-condensate,
as experimentally observed.
In the deep lattice limit, the experiments displayed
in Fig. 4 also allow us to study the time coherence
of excitons trapped in the lattice sites. Indeed, in
these measurements we ensured that one bright in-
terference fringe coincided with one row of lattice
sites. For each value of V0 we then measured the in-
tensity modulation along this particular bright fringe
Ci, and compared it to the bare modulation of the
photoluminescence in real space Cm due to the lo-
calisation in the lattice sites. Thus, we directly ex-
tract the average amplitude of |g(1)| for the photolu-
minescence radiated by the lattice sites only. It reads
|g(1)|=2(Ci−Cm)/((1−Ci)(1 +Cm)), since the emis-
sion between the lattice sites does not yield any mea-
surable interference signal for τ=4.7 ps (Fig.3.a). Fig-
ure 4 reveals then a revival of the interference contrast
for V0 & 3µ, the contrast increasing rapidly up to an
amplitude similar to the one for vanishing V0 for the
deepest lattice depth. Accordingly, we deduce in the
deep lattice limit that inside the sites dipolar exci-
tons exhibit extended temporal coherence. This pro-
vides a signature for the buildup of microscopic quasi-
condensates in the lattice sites [10, 19]. As shown in
Fig.3, these coherent exciton droplets are independent
one from another, i.e. with no defined phase relation.
Let us then tress that we can not directly probe the
spatial coherence of these droplets, since their spatial
extension (∼ 1µm) reduces to our spatial resolution.
An extended time coherence then constitutes the only
accessible fingerprint for the quasi-condensation of ex-
citons trapped in the lattice sites.
To conclude, we have experimentally studied the
quasi-condensate crossover for bilayer excitons con-
fined in a lattice potential. We have observed that a
quasi-condensate is formed when the barrier height is
vanishing, but rapidly destroyed when it is increased
to around 0.2 meV. We have shown that this be-
haviour is consistent with a renormalisation of the
excitons effective mass by the lattice depth, which in-
creases the critical phase-space density for the quasi-
condensation crossover. On the other hand, in the
5deep lattice limit, we have observed that an array
of phase incoherent quasi-condensates localized at the
lattice sites develops. However, in order to reach the
Mott insulator regime, we estimate that the period of
the lattice has to be decreased to less than around 1
µm, such that the on-site interaction becomes a few
times larger than the thermal activation energy. Im-
portantly, this regime is at close experimental reach,
including in the limit of a few excitons per lattice sites.
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